Quantum dot solids composed of colloidal nanocrystals (NCs) have attracted strong interest for about two decades. Such solids show optoelectronic properties that reflect the properties of the individual nanocrystalline quantum dots, together with the dipolar and electronic coupling between them. Since there are many types of NCs that can be incorporated in a solid and the quantum coupling between the NCs can be varied by control over the NC surface chemistry, NC solids form a material platform with considerable tunability and versatility. This platform is of great interest to address basic scientific questions in quantum transport and shows promise for future optoelectronics.^[@ref1]−[@ref12]^

In this field, solids that are formed by NC assembly followed by oriented attachment of the NCs constitute a special class, since oriented attachment results in atomically coherent systems and strong quantum coupling. Over the years, atomically coherent one-dimensional rods,^[@ref13],[@ref14]^ two-dimensional quantum wells,^[@ref15]^ and nearly three-dimensional^[@ref16]^ nanostructured but atomically coherent systems have been reported. Since, due to the NC/NC epitaxy, the quantum coupling is strong, the energy level and band structure of these systems are determined by their overall dimensions. A remarkable class is 2-D superstructures that show a silicene-type honeycomb structure: these systems retain the semiconductor band gap, but the highest valence and lowest conduction bands show a linear dispersion near the K-points of the Brillouin zone. This would mean that, at sufficiently low temperature and with precise control of the Fermi level at around the K-points, massless electrons (holes) may dominate the transport properties, as in graphene.^[@ref17]^

However, before this type of physics can be explored, several challenges must be addressed: One must be able to prepare sufficiently large domains of honeycomb superlattices to incorporate them in an electrical device with suitable contacts and to change the Fermi level in a controlled way by gating. Control over the band occupation also means that a decent knowledge on the presence of in-gap states is a prerequisite. Second, it will be required to cool down the entire transistor system (at a given position of the Fermi level) without mechanical or electrical breakage.

Here, we describe the first steps in this field by a room-temperature study of the band occupation and electron transport in silicene-type honeycomb structures prepared from PbSe NCs. We used a transistor device, allowing to measure the electronic properties under electronic equilibrium and terahertz (THz) spectroscopy to measure the transient behavior of photogenerated electrons and holes. This study is motivated by the fact that we recently were able to reproducibly fabricate extended (\>100 μm) domains of PbSe honeycomb structures by nanocrystal assembly and oriented attachment.^[@ref18]^ We show that we can incorporate wet-chemically prepared superstructures as individual silicene sheets in an electrolyte gated device. We can change the Fermi level in a controlled way and occupy the lowest conduction band with up to four electrons, without interference of midgap electron traps. By moving the Fermi level to lower energies toward the valence band, holes are injected. They might either occupy the valence band or mainly trap states in the gap. The electron mobility measured in the transistor type device (about 1.5 ± 0.5 cm^2^ V^--1^ s^--1^) compares well with that obtained by THz spectroscopy. The frequency-dependent THz results indicate that the room temperature electron mobility is not limited by electron scattering on lattice phonons, but mostly by lattice imperfections.

Formation of 2-D Honeycomb Superlattices of PbSe {#sec2}
================================================

We prepared 2-D honeycomb superlattices from PbSe NCs (with the size of 6.15 ± 0.4 nm) dispersed in toluene by self-assembly at the toluene-nitrogen interface and oriented attachment (see [Supporting Information (Figure S1)](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf)).^[@ref18]^ An atomically coherent silicene-type honeycomb structure is formed by epitaxial attachment of the PbSe NCs via three of their 6 {100} facets. A part of such a honeycomb structure is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The Fourier transform of the image in the inset shows that the honeycomb periodicity holds for the entire image and is thus long ranged. We remark here that, due to the epitaxial connection, the quantum coupling between the NCs is strong. Atomic tight binding (TB) calculations have shown that this coupling results in mini-band formation with a bandwidth in 0.1 eV range.^[@ref19]^ This means that, for ideal honeycomb structures, high mobility values only limited by phonon scattering are expected. On the other hand, disorder could also limit carrier transport. Several types of disorder have been observed and detailed in a recent work:^[@ref18]^ Nonperfect epitaxial connections between the NCs is probably the most important origin of crystallographic disorder. In the experiments described here, the PbSe superstructures also showed slightly more disordered regions between the honeycomb domains ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Disorder due to the nanocrystal misalignment in the lattice is obvious from [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c.

![Structural properties of the PbSe honeycomb superlattice studied here: (a) TEM overview of a PbSe superlattice with honeycomb nanogeometry; the inset is the Fourier transform of the image showing that the honeycomb periodicity is long ranged and holds for the entire image. (b) TEM image of a superlattice with smaller honeycomb domains connected by slightly disordered grain boundaries. (c) High resolution HAADF-STEM image showing several types of NC misalignment in the honeycomb structure. (d) Absorption spectrum of a single-layer honeycomb superlattice deposited on a quartz substrate compared to that of dispersed NCs. The first excitonic absorption feature of the PbSe superlattice shows a red shift and broadening, compared to the NCs in dispersion. For the honeycomb superlattice monolayer on a quartz substrate, the absorption is 1.5% at a photon energy of 0.7 eV. The absorption of NC dispersion is scaled down for comparison to the superlattice.](jp-2019-03549c_0002){#fig1}

Light Absorption by a PbSe Honeycomb Monolayer {#sec3}
==============================================

The optical absorption spectrum of the NCs dispersed in tetrachloroethylene exhibits a peak at 0.7 eV related to the first exciton transition ([Figure [1](#fig1){ref-type="fig"}d](#fig1){ref-type="fig"}). For a single PbSe honeycomb layer, the first feature is broadened such that it almost looks as a step, and it is also red-shifted. Similar features have been observed for the square superlattices.^[@ref20]^ The broadening is due to quantum coupling between the PbSe NCs, ultimately resulting in band formation (see also below).^[@ref3],[@ref20],[@ref21]^ The red shift has been attributed to the effect of the dielectric environment.^[@ref3],[@ref20]^ The band structure obtained from a TB calculation is presented in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf) without inclusion of many-body electron--hole interaction effects, which are probably weak, due to the large dielectric constant of PbSe. The calculated band structure yields an effective mass of 0.21 *m*~0~ for electrons (*m*~0~ the free electron mass). We should remark here that models for 2-D quantum wells predict a value of the absorptance of 2.3% (related to the fine structure constant) for a single quantum well. The value that we measure is 1.5%, about half the predicted value for a single free-standing layer. A similar reduction of absorption of a 2-D monolayer has been observed previously and was attributed to the presence of the quartz substrate.^[@ref22]^

Transport Measurements in an Electrolyte-Gated Transistor {#sec4}
=========================================================

Single sheets of a honeycomb superlattice were incorporated into a transistor-type device by horizontal transfer of the structure from the ethylene glycol (EG) surface on which it was formed (see [Methods](#sec5){ref-type="other"}). The surface of the sample is treated by PbCl~2~, which has been shown to passivate surface traps and improve electronic transport.^[@ref23]^ Using electrochemical gating, the number of conduction electrons in the honeycomb superlattice can be controlled. From the source-drain conductance and the electrode-gap geometry, the electron conductivity and, finally, the electron mobility can be obtained.^[@ref20]^

In order to investigate the occupation of the bands with electrons (holes), differential capacitance measurements were performed (see [Methods](#sec5){ref-type="other"}). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the differential capacitance characterizing the injection of electrons and holes into the PbSe honeycomb superlattice treated with PbCl~2~. It can be seen that electron injection sets on at −0.4 V (vs Ag, reference electrode) and increases gradually up to a sample potential of −1.2 V. The shapes of the forward and backward scans are similar, but not entirely identical. It means that the charge injection is not entirely electrochemically reversible, and some minor side reactions, such as the reduction of residual molecular oxygen, may be ongoing. At positive potentials, the differential capacitance rises, showing that positive charge carriers are injected into the PbSe superstructure.

![Electron injection and electron transport characteristics in a passivated PbSe honeycomb superstructure incorporated in an electrolyte gated transistor: (a) Differential capacitance of a passivated PbSe honeycomb superlattice measured in forward (from 0.2 to −1.2 V) and backward scan. (b) The total injected charge and the charge per NC site as measured in the forward scan. (c) The conductivity (blue) and the electron mobility (green) of the superlattice obtained from the source-drain conductance (see [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf)), the geometry of the source-gap-drain fingers system and the charge density presented as a function of the electrochemical potential. (d) The conductivity (blue) and the electron mobility (green) of the superlattice in logarithmic scale.](jp-2019-03549c_0003){#fig2}

The total amount of injected charge carriers and the number of carriers per NC site (=1/2 unit cell) in the forward scan are depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. The method to determine this number is outlined in the [SI, section 4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf). At the most negative potential (−1.2 V), we observed four electrons per NC site, meaning that the 8-fold degenerate S-type conduction band is, in principle, half occupied. We should mention here that the uncertainty in the occupation number is relatively large due to the uncertainty in the effective active area of the device (see details in [SI, section 4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf)). An optical microscope image of the active channel of the device is presented in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf) showing that basically the whole area of the channel is covered by the superlattice. Also note that, at room temperature, electrons can be thermally excited from the S-type mini-band into the P-type mini-band. Strongly charged PbSe NCs have also been reported recently.^[@ref24]−[@ref28]^

At sample potentials more negative than −0.5 V, the source-drain transport current increased linearly with the source-drain bias (see [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf)); the slope provides the conductance of the superlattice. From the conductance and the geometry of the interdigitated source-drain electrodes and gap, the electronic conductivity was calculated. We have plotted the conductivity of the sample as a function of the sample potential on a linear scale ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) and a logarithmic scale ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d) for convenience. As can be observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, the conductivity sets on at around −0.5 V and rises steeply with the electrochemical potential, up to 1100 S/m at the most negative potential. For positive electrochemical potentials the differential capacitance increases again, this is accompanied by a small increase of the source-drain conductance ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). It appears that the conductivity at positive potential is much smaller than the electron conductivity. This indicates that the injected positive charges to the superlattice might either occupy the valence band, or could occupy localized in-gap states. In the logarithmic scale in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d, the conductivity shows a step-like peak (not clearly visible on a linear scale) at a potential of −0.4 V. However, the charge density at this potential has a very small value. Therefore, we cannot conclude whether this peak is real and related to the band occupation of the superlattice.

Results obtained with other samples, also a sample that is nontreated with PbCl~2~, are provided in the [SI, section 6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf). Similar results are obtained for those samples, that is, the onset of the conductivity close to the onset of electron injection, the number of electrons in the conduction band varying between 4 and 8 per nanocrystal site, and a smaller conductance at positive potentials at which holes either occupy the valence band or trap states.

The electron mobility of the sample of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} calculated from the electron density and conductivity reached a maximum value of 2.3 cm^2^ V^--1^ s^--1^ at −1 V. We performed differential capacitance and conductivity measurement on three other PbSe honeycomb devices. On average, we find an electron mobility of 1.5 ± 0.5 cm^2^ V^--1^ s^--1^ in the PbSe honeycomb superlattices in the potential window of −1.05 \< *V* \< −0.75. For the sample nontreated with PbCl~2~ the mobility was found to have a lower value of 0.4 cm^2^ V^--1^ S^1--^ (see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf)), which we attribute to the presence of trapping sites that have a negative effect on electron transport.

We further note that at the most negative potentials the conductivity is probably limited somewhat by the contact resistance between the honeycomb superlattice and the gold source and drain contacts. This may explain why the conductivity levels off and why the derived value of the mobility even decreases. Hence, the values obtained here are a lower limit to the intrinsic dc mobility.

Terahertz Photoconductivity Spectroscopy {#sec4.1}
========================================

The THz photoconductivity was studied by photoexciting PbSe honeycomb superstructures with 50 fs laser pulses at a photon energy of 1.55 eV. The experimental procedure involves detection of charges and excitons with a single-cycle THz field and is identical to that described previously.^[@ref29],[@ref30]^ In general, photoexcitation of a semiconductor leads to formation of free mobile charges that can coexist with bound e--h pairs in the form of neutral excitons.^[@ref31]−[@ref33]^ Free mobile charges and neutral excitons both contribute to the THz conductivity to an extent that is different for the real and imaginary parts.^[@ref34],[@ref35]^ At higher photoexcitation density recombination of free charges into excitons is more likely and, consequently, the quantum yield of charges decreases. If excitons coexist with free charges in the honeycomb superlattice, the relative magnitude of the real and imaginary THz conductivity should depend on the initial photoexcitation density and the decay kinetics of the real and imaginary parts should be different. Since the normalized decay of the real and imaginary parts are identical (see [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf)) it can be inferred that the contribution of excitons is negligible and the initial quantum yield of charges can be taken equal to 1. The real part (positive sign) of the THz conductivity is due to the in-phase charge velocity in the probing THz field, and the imaginary part (negative sign) is due to the out-of-phase charge velocity.^[@ref36]−[@ref38]^ The electrolyte gated transistor measurements have shown that holes might mostly occupy localized in-gap states. Therefore, the mobility of holes can be neglected and the THz conductivity can be ascribed to electrons only.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the THz conductivity for a PbSe honeycomb superstructure treated with PbCl~2~ to passivate surface traps. The product of the time-dependent quantum yield of electrons and their mobility: defined *S*(*t*) = ϕ~e~(*t*)μ~e~, with the initial quantum yield ϕ~e~(*t* = 0) = 1, as discussed above is shown for an excitation density of 2.5 × 10^13^ cm^--2^, which corresponds to 10 electron--hole (e--h) pairs per nanocrystal (see [Methods](#sec5){ref-type="other"}). The signal *S*(*t*) reaches a maximum value of 2.1 ± 0.4 cm^2^ V^--1^ s^--1^ at a pump--probe delay time of 1.5 ps, which reflects the pulse duration of the probing single-cycle THz field. This value of *S*(*t*) is attributed to relaxed charge carriers at the band edge, since for a photoexcitation energy of 1.55 eV initially hot e--h pairs in PbSe NCs cool down to the band edge within a picosecond.^[@ref39],[@ref40]^ The electrons are seen to decay via trapping or recombination with a lifetime for half decay of ∼10 ps. Similar results were obtained for lower (0.8 × 10^13^ cm^--2^) and higher (2.5 × 10^13^ cm^--2^) excitation densities (see [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf)), which implies that higher-order recombination is not important for these densities.

![Terahertz photoconductivity obtained by photoexciting the PbSe honeycomb superstructure treated with PbCl~2~ at photon energy of 1.55 eV. (a) Real (positive signal) and imaginary part (negative signal) of the quantum yield weighted mobility as a function of time obtained at excitation density 2.5 × 10^13^ cm^--2^, which corresponds to 10 electron--hole pairs per NC. (b) Experimental frequency-dependent charge carrier mobility (markers) together with fit of the Drude-Smith model to the data.](jp-2019-03549c_0004){#fig3}

A comparison of *S*(*t*) for the PbSe superstructure passivated with PbCl~2~ and a nontreated superstructure is shown in [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf) for similar excitation densities. It can be clearly seen that surface passivation with PbCl~2~ enhances the mobility by a factor of four, which is in the same direction to that obtained from the DC device measurements described above. The excitation density of 4.3 × 10^13^ cm^--2^ needed to observe the THz conductivity in the nontreated superstructure is higher than that used for the structure treated with PbCl~2~. The higher density leads to a faster decay via recombination and, consequently, a smaller value of *S*(*t*), even on short time scales.

To understand the charge transport mechanism, we plot in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b the frequency-dependent electron mobility obtained by averaging *S*(*t*) over a pump--probe delay time interval of 2--6 ps. The increase of the mobility in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b with frequency ω and the negative imaginary mobility disagree with the simple Drude model.^[@ref36]^ The THz mobility is described by the Drude-Smith model, yielding^[@ref41]^with *e* representing the elementary charge, τ represents the scattering time, *m*\* is the effective mass, and *c* = ⟨cos θ⟩ is the persistence of velocity parameter accounting for elastic backscattering, with θ as the scattering angle.

Solving for the real and imaginary parts of the Drude-Smith model yields

Taking the value of *m*\* = 0.21*m*~0~, from atomistic tight binding (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), and fitting [expressions [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} and [3](#eq3){ref-type="disp-formula"} to the frequency-dependent mobility in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b yields τ = 5.2 ± 0.6 fs and *c* = −0.96 ± 0.01. At lower excitation densities we obtain similar values for τ and *c* (see [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf)), which indicates that for the densities studied band filling does not affect the THz mobility. The backscattering parameter *c* close to −1 implies significant backscattering of the charges, which is typical for NC solids.^[@ref42],[@ref43]^ The DC mobility obtained from the Drude-Smith fit parameters is 1.7 cm^2^ V^--1^ s^--1^, which is close to the value of 1.5 ± 0.5 cm^2^ V^--1^ s^--1^ obtained from the transistor measurements described above. Hence, although the coupling between the NCs in the honeycomb structure is considerable, the electron mobility is strongly limited by scattering at imperfections.

![Tight binding (TB) of PbSe honeycomb superlattice. The lowest conduction bands calculated with atomistic tight-binding (TB) theory. The lowest conduction band is 8-fold degenerate (including spin); the degeneration is slightly broken due to quantum coupling of the 4 L points in the zone. The bands show a conventional parabolic dispersion at the Γ-point and a linear Dirac-type dispersion at the K-points. The calculated band structure yields an effective mass of 0.21*m*~0~ for electrons (*m*~0~ is the free electron mass).](jp-2019-03549c_0005){#fig4}

The Drude-Smith fit reproduces the measured real part of the THz mobility, while it does not agree very well with the measured imaginary part. Structural disorder may cause the site-energy of a charge to vary on going from one NC to another. The disorder in the site-energies is roughly equal to the width of the first optical absorption peak of the NCs, which is about 0.1 eV, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. Such disorder is not included in the Drude-Smith model, which may cause the model to be inaccurate for the current material. A more detailed model of charge transport should include effects of disorder, however, that is beyond the scope of this study.

Discussion {#sec4.2}
==========

We have studied electron transport in single sheets of PbSe with a silicene-type honeycomb geometry. In an ideal case, these structures are atomically coherent: the ⟨111⟩ axis of PbSe rock salt is perpendicular to the plane of the sheet. Each nanocrystal unit is epitaxially connected to three other ones, forming \[100\]/\[100\] connections. Silicene honeycomb structures of PbSe, very similar to the ones used here, have been structurally characterized in detail in a recent work.^[@ref18]^ It has been shown that, while the honeycomb domains are very large (\>10 μm), there are several types of crystallographic defects, mostly related to nonideal \[100\]/\[100\] connections between the constituting NCs. Our electrolyte-gated transport measurements show that the injected electrons occupy the lowest conduction band. However, the injected holes might either occupy the valence band or localized in-gap states. The similarity between the mobility obtained with an electrochemically gated transistor type device and the THz mobility is remarkable (both values are about 1.5 cm^2^ V^--1^ s^--1^). This indicates that the quantum yield for charge carrier photogeneration in the terahertz experiments is close to unity and also that mainly electrons contribute to the THz conductivity. From the above, it is thus reasonable to state that the electron mobility at room temperature is close to 1.5 cm^2^ V^--1^ s^--1^ and independent of frequency up to the THz range. The frequency independence implies that charge transport over tens of microns in the transistor measurements (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf)) is as efficient as along the distance (*L*) probed at THz frequencies, which is the diffusion length during a period (*t*~osc~) of the THz field; that is, ∼ 5 nm with *k*~B~ being the Boltzmann constant and *T* is the temperature. The value of *L* estimated in this way corresponds to the center-to-center distance between adjacent NCs. Hence, there is a strong electronic coupling between every two NCs, but also a high density of structural defects. First of all, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b shows that the 2-D domains are about 50--150 nm in size, which means that the electrons see many grain boundaries in their journey between the source and the drain. Second, particularly the THz spectroscopy points to strong scattering. We believe that several type of imperfections, such as nm-crystallographic connection between the nanocrystals and slight misorientations, can cause this intense electron scattering.

Here we provide an interpretation of this result, using the band structure calculated for a PbSe silicene-type honeycomb structure with the same size of the honeycomb units (NCs) and periodicity. The lowest conduction bands calculated with atomistic tight-binding theory are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The lowest conduction band is 8-fold degenerate (including spin). It shows a conventional parabolic dispersion at the Γ-point, and a linear Dirac-type dispersion at the K-points. When electrons are injected and the occupation is low, the (low-T) occupation is at the Γ-point. The effective mass of electrons, obtained from atomistic tight binding calculations is 0.21*m*~0~ (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). It is instructive to compare the mobility observed in the honeycomb superstructures with that reported for bulk PbSe. The experimental value for macroscopic crystals of PbSe at room temperature is 1000 cm^2^ V^--1^ s^--1^.^[@ref44]^ When we assume that the effective mass in bulk PbSe is 0.1*m*~0~,^[@ref45]^ the scattering time in a macroscopic PbSe crystal is calculated to be 60 fs, which is more than 10× larger the value of 5.2 ± 0.6 fs we found for the honeycomb superlattice. For the PbSe superstructures, we find that the mobility is almost 500× smaller than the bulk value, whereas the effective mass is only (here at the Γ-point) 2× larger. This means that in our PbSe honeycomb superlattice the electron scattering time is considerably shorter than in the bulk PbSe; hence electrons do not only scatter at lattice phonons, but also at lattice imperfections. This is corroborated by the frequency dependence of the THz mobility. The real and imaginary parts cannot be described by the Drude model, which accounts only for electron--phonon scattering, but backscattering of electrons on defects needed to be included. The THz mobility could be reproduced approximately by the Drude-Smith model with *c* = −0.96 ± 0.01, which implies strong backscattering of electrons at imperfections in the PbSe honeycomb superstructures. We believe that imperfect \[100\]/\[100\] connections between the NCs are the most important origin of disorder in the PbSe honeycomb superstructures.

Several previous studies have yielded charge mobilities in PbSe NC solids in the range of 1--15 cm^2^ V^--1^ s^1^.^[@ref6],[@ref7],[@ref10],[@ref23],[@ref29],[@ref46]−[@ref48]^ In these studies of three-dimensional assemblies, the NCs were coupled by small organic linker molecules, and in some cases, the NC solids were thermally annealed or infilled with a metaloxide by atomic layer deposition. Apparently these treatments lead to somewhat high mobilities.^[@ref3],[@ref48]^ However, in the present case, please notice that our system is truly 2-D, which increases the relative surface area, and related to this, the density of surface trap states, and also increases the effect of the inhomogeneous electrostatic potential. All these features have a negative effect on electron mobility.

Summary and Outlook {#sec4.3}
===================

We studied the electronic properties of PbSe honeycomb superstructures in a transistor-type device and with THz spectroscopy. The results show that electrons occupy the lowest conduction band. The electron mobility is limited by lattice imperfections. The electronic characterization at room temperature presented here shows that it should be possible to subtly move the Fermi level through the energy range of the conduction mini-band. Once PbSe honeycomb transistor-type devices can be cooled down to cryogenic temperatures (i.e., *k*~B~*T* ≪ bandwidth), it should be possible to study the transport physics with the Fermi-level positioned in a narrow energy window, for example, to distinguish the Γ point from K-points. Eventually, this research would enable to display the Dirac character of the carriers in the energy region around the K-points, as has been predicted by simple and advanced theories.

Methods {#sec5}
=======

Chemicals {#sec5.1}
---------

Lead acetate trihydrate (99.99%, Sigma-Aldrich), oleic acid (90%, Sigma-Aldrich), 1-octadecene (90%, Sigma-Aldrich), selenium powder (99.99%, Alfa Aesar), trioctylphosphine (90%, Sigma-Aldrich), diphenylphospine (98%, Sigma-Aldrich), 1-butanol (99.8% anhydrous, Sigma-Aldrich), methanol (99.8% anhydrous, Sigma-Aldrich), toluene (99.8% anhydrous, Sigma-Aldrich), ethylene glycol (99.8%,anhydrous, Sigma-Aldrich), acetonitrile (99.8%, anhydrous, Sigma-Aldrich), lithium perchlorate (99.99%, Sigma-Aldrich), and lead(II) chloride (99.99%, Sigma-Aldrich).

PbSe NCs Synthesis {#sec5.2}
------------------

PbSe QDs were synthesized based on the methodology of Steckel et al. method.^[@ref49]^ For the lead precursor, a mixture of 4.77 g of lead acetate, 10.35 g of oleic acid, and 39.75 g of 1-octadecene was heated at 120 °C under vacuum for 5 h. For the selenium precursor, a mixture of 3.52 g of selenium powder, 46.59 mL of trioctylphosphine, and 0.41 mL of diphenylphospine were prepared by dissolving selenium. Subsequently, 10.25 mL of the lead containing solution was heated up to 180 °C and 7.5 mL of the selenium precursor was injected. The mixture was kept at 150 °C for 70 s and the NC growth was quenched with 30 mL of a methanol/butanol mixture (1:2). The NC product solution was centrifuged and the NCs were dissolved in toluene. This concentrated suspension of PbSe NCs was washed twice more with methanol and the NCs were dissolved in toluene.

Formation of Honeycomb Superstructure by Means of Oriented Attachment {#sec5.3}
---------------------------------------------------------------------

Honeycomb superlattices were obtained by the NCs assembly at the toluene-nitrogen interface followed by oriented attachment. We followed an ultraslow procedure that has been developed recently in our group ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf)). A small Petri dish was filled with ethylene glycol as a liquid substrate. This dish was placed in a bigger Petri dish that also contained toluene. A certain volume of PbSe NC dispersion in toluene was drop casted on top of ethylene glycol. A beaker was placed on top of the Petri dishes to slow down the toluene evaporation. The evaporation of the toluene solvent and the superlattice formation was really slow and took around 16 h. The honeycomb monolayer was transferred onto a TEM grid for structural characterization, quartz substrates for THz measurement and a device with microstructured gold electrodes, that is, source and drain, separated by a gap for electrolyte gating and transport measurements (details in [SI, section 3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf)). The formation of PbSe honeycomb superlattices and their transport to a TEM grid, the quartz substrate and a transport device were performed in a glovebox.

Surface Treatment by PbCl~2~ {#sec5.4}
----------------------------

In an attempt to passivate the surface traps, the surface of the honeycomb superlattices was treated by PbCl~2~. For this purpose, a saturated dilution of PbCl~2~ in methanol was prepared. The substrates with the superlattices were immersed shortly into the PbCl~2~ dilution and then into methanol, to remove the residuals.

Electron Injection and Transport Measurement in an Electrolyte-Gated Transistor {#sec5.5}
-------------------------------------------------------------------------------

Electrochemical gating is a well-stablished methods used to investigate the transport properties of 2-D superlattices. The device used for this measurement consists of interdigitated source and drain electrodes, on top of a SiO~2~ substrate (details in [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf)). In this experiment we used acetonitrile containing a Li^+^ salt as an electrolyte. An Ag wire and a Pt sheet were inserted into the electrolyte for reference and counter electrodes, respectively. The Fermi level of the superlattices moved toward the conduction band (valence band) by applying negative (positive) potential with respect to the reference electrode by using a potentiostat. To investigate the charge injection into the honeycomb superlattice, differential capacitance measurements were performed. By applying the potential in small steps of 55 mV, the current in an interval time was measured. The integration of the current gave us the total amount of charge injected to the structure. For measurement of the sample conductance at a given potential, a small potential was applied between source and drain electrodes and the source-drain current was measured. As soon as the Fermi level was in the conduction band, the source-drain resistance was Ohmic. The conductivity was obtained from the measured conductance the geometry of the electrodes. Eventually, the electron mobility was obtained from the conductivity and the electron density (details in [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf)).

Terahertz Conductivity Measurements {#sec5.6}
-----------------------------------

The honeycomb superlattice was photoexcited by optical pulses with photon energy 1.55 eV. The photoconductivity was probed by single-cycle THz pulses analogous to our previous work.^[@ref29],[@ref30]^ To prevent air exposure, we placed the sample in an airtight sample holder during the photoconductivity measurements. According to the thin film approximation the complex conductivity (Δσ(ω,*t*)) of charges averaged over the sample thickness (*L*) is related to the differential THz signal (Δ*E*(ω,*t*)) via^[@ref37],[@ref38]^with *e* the elementary charge, *c* the speed of light in vacuum, ε~0~ the relative permittivity of free space, and *n*~s~ the refractive index of the quartz substrate.

The complex conductivity of charges is related to the quantum yield weighted complex mobility (ϕ~e~(*t*)μ~e~ + ϕ~h~(*t*)μ~h~) via^[@ref37],[@ref38]^with *N*~a~ being the number of absorbed photons per unit area (excitation density). Substituting [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} into [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and rearranging yieldswhich is independent of the sample thickness *L*.

The initial number of e--h pairs per NC was obtained as the ratio of the excitation density and the number of NCs per unit area, with the latter determined to be 2.6 × 10^12^ NCs per cm^2^ from analysis of a TEM image of the honeycomb superlattice.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcc.9b03549](http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.9b03549).Oriented attachment. Electrode design of electrochemical gating measurement. Tight binding calculation of the honeycomb band gap. Conductivity and mobility calculation. Electrochemical measurement on nontreated sample. Normalized real and imaginary part of the THz conductivity at different excitation densities. Drude-Smith model fits to the frequency-dependent electron mobility ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03549/suppl_file/jp9b03549_si_001.pdf))
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